use of heterogeneous photocatalysis on semiconductors [4] [5] [6] [7] [8] [9] . In the last-mentioned method irradiation of the surface of the semiconductor with light of an appropriate energy (for TiO 2 ≤ 400 nm) results in the formation of electron-hole pairs (e-and h+). If the time of existence of these chemical species is sufficiently long, they can react with water molecules and oxygen dissolved in water, leading to the formation of hydroxyl radicals.
•OH radicals react immediately and non-selectively with the majority of organic compounds, leading ultimately to total mineralization, i.e., to CO 2 and H 2 O [10-11; a diagram of the processes can be found elsewhere: 5, 11 -15] . Currently, photocatalytic processes are used to remove odorous compounds [16] ; ions of certain metals from water [17] [18] ; degrade pesticides, dioxins, furans, synthetic mono-and diazo-dyes [19] [20] ; and many other water contaminants [21] [22] .
The results of our previous studies confirm that the photocatalytic process on semiconductors can be successfully used for purifying wastewater from the dairy industry [23] [24] . This work is focused on the photocatalytic degradation studies of stable and easily soluble chemicals in water-popular food coloring such as chlorophyllins (E141(ii)) on illuminated TiO 2 under UV-VIS irradiation. Chlorophyllins ( Fig. 1) , obtained for example by the exchange of magnesium ions in chlorophyll with copper, are one of the most commonly used natural dyes in food processing. Moreover, they have also successfully been applied in medicine [25] [26] .
We should mention that in the case of exposing the dye to VIS radiation, the photodegradation process may also occur as a result of other possible mechanisms that involve the excitation of the dye onto the surface of the semiconductor [27] . Organic synthetic and natural dyes with visible light-absorbing chromophores have been successfully used for photosensitizing wide-gap TiO 2 semiconductors. During the process, dye adsorbed physically or chemically onto the surface of TiO 2 is excited by visible light. Electrons from the excited dye are injected into the conduction band of a semiconductor and an oxidized dye radical is produced. The dye molecule becomes both sensitizer and a substrate to be degraded [28] [29] .
However, the primary goal of this study was to evaluate the overall impact of UV-VIS radiation emitted by solar lamps (imitating natural sunlight) on the process of photocatalytic degradation of E 141(ii) dye in the presence of titanium dioxide.
Experimental
We conducted photocatalytic studies using aqueous dye E141 (ii) containing 1.3% of the active colorant and an additive: NaOH (Hoffmann food aromatics). Initial concentrations of aqueous E 141(ii) solutions prepared directly before performing photoctalytic processes were: 5.20·10 . All concentrations were prepared from solution with three months shelf-life after the first opening received from the producer. In all photocatalytic experiments, 230 cm 3 of the solution of an appropriate concentration of dye was mixed with 0.05 g of TiO 2 (99.9%, Aldrich, anatase), and treated with ultrasonic waves for 10 minutes to obtain homogeneous suspension. The mixture was transported to a batch glass reactor (Pyrex, volume 250 cm 3 ) designed by Sobczyński and co-workers [4] . The reactor was used previously in studies on photocatalytic degradation of organic compounds contaminating food industry waste [30] . The scheme of the photocatalytic reactor is presented in Fig. 2 . The distance between the lamps was 100 cm. The light intensity measured with Volt Craft LX-1108 light meter was 33,700 Lux. The radiation spectrum range amounted to 280-3,000 nm. The temperature of the mixture was kept at 30±1ºC owing to the applied air stream. To determine the kinetics of the photocatalytic process in a UV/H 2 O/TiO 2 system, 2 cm 3 of the reaction suspension was taken from the reactor for measuring absorbance with a spectrophotometer, respectively at 5, 10, 15, 25, and 35 minutes of exposure. The E141(ii) concentrations were read from calibration curves prepared before photodecolorization. Before measuring, the sample was fi ltered using a fi lter with a pore size of 0.22 µm (PTFE, BGB Analytik AG). The absorbance measurements were made by means of a Genessys 6 spectrophotometer (Thermo Spectronic) at a wavelength of 405 nm (experimentally determined absorption maxima of the dye E141(ii)). The same concentrations of the dye were used in experiments carried out in a UV/H 2 O system (homogeneous photolysis). pH of the irradiated solutions was measured with a Mettler Toledo MPC 227 apparatus at intervals corresponding to sampling for spectrophotometric measurements. Furthermore, studies on the infl uence of initial pH on effi ciency of photocatalytic decolourization of the E141(ii) dye were carried out using three concentrations of the colorant. Starting pH of the reaction mixtures was 2, 4, 6, 8, and 10. Each experiment was repeated at least twice. We used still water doubly distilled in quartz glass in all tests. Titanium dioxide had a BET-specifi c surface area of 11.9 m 2 ·g -1 as measured on a Micrometrics ASAP 2010 apparatus.
Results and Discussion
In the photocatalytic experiments we used E141(ii) dye, which includes copper complexes of chlorophyllins. In order to carry out spectrophotometric measurements, the appropriate wavelength of the light radiation (maximum absorbance) was selected: 405 nm, based on absorption spectrum in the range of 280 to 700 nm. All subsequent spectrophotometric measurements were carried out at this wavelength. Equations of absorbance vs. concentration of dye were determined experimentally and have the form: y = 0.006x for unmodifi ed pH, y = 0.003x for pH = 2, y = 0.004x for pH = 4, y = 0.005x for pH = 6, and y = 0.006x for pH 8-11. Coeffi cient of determination for all equations was 0.999. The photocatalytic decolourization of E141(ii) dye was performed at the initial substrate concentrations of 5.20·10 . Changes of the substrate concentrations (according to absorbance decrease) during UV-VIS irradiation are shown in Fig. 3 .
It is believed that the photocatalytic degradation of organic water pollutants takes place in accordance with the model of Langmuir-Hinshelwood [30] [31] . According to the model, the process in liquid-solid phase consists of the reaction between the substrate molecules adsorbed on the surface of the photocatalyst and the photogenerated hydroxyl radicals. The rate of the process depends on the rate of the reaction between radical and adsorbed molecules and is directly proportional to the concentration of the substrate adsorbed on the surface of the photocatalyst, which in turn is directly proportional to the concentration of the pseudo-fi rst order reaction kinetics solution. The linear form of the Langmuir-Hinshelwood equation is [32] [33] :
…where c o is the substrate concentration in water, k is the rate constant, and K ads is the constant of adsorption equilibrium.
The curves presented in Fig. 2 helped to determine the initial reaction rates (r0) by fi tting each exponential function f(t) = Ae -kt (calculated by Microsoft Excel). The reaction rates were calculated for t = 0. The use of the initial reaction rate avoids the impact of intermediates formed during the photocatalytic process on the reaction rate of the main substrate E141(ii) dye. The initial reaction rates for the different initial concentrations of the substrate are presented in Table 1 . A plot of 1/ r 0 versus 1/ c 0 is shown in Fig. 4 . The obtained dependence is linear, which confi rms the validity of the Langmuir-Hinshelwood model. Therefore, the reaction fulfi lls pseudo-I-range reaction kinetics [11, [34] [35] . The data contained in Table 1 were also used to calculate kinetic constants of photodecolourization process of the dye E141(ii), rate constant k, and the adsorption equilibrium constant K ads . The determined values are: k = 1.2310 -5 s -1 and K ads. = 1.33 · 10 -2 dm 3 · g -1 . Table 2 shows the results of 35-minute exposure of an aqueous solution of the E141(ii) dye in UV-VIS/H 2 O/ TiO 2 and UV-VIS/H 2 O (photolysis process) systems. The experiments were carried out to determine the contribution of direct photolysis in photocatalytic decolourization of the investigated dye.
In the presence of TiO 2 , absorbance change depends on the initial concentration of the solution and ranges from 55% for the solution with the highest concentration up to nearly 82% for the solution with the lowest concentration. The amount of oxidized E141(ii) increases with an increase of solution concentration. During the 35-minute illumination of solutions without titanium dioxide, photodecolourization also took place, but with lower effi ciency: from almost 17% for the lowest concentrated solution up to about 24% for the solution with the highest concentration of the substrate. In addition, during irradiation in the absence of titanium dioxide, the amount of photodecolourized dye increases with the increase of the initial concentration in the solution. This indicates that the photolysis reaction in the UV-VIS/E 141(ii)/H 2 O system also proceeded in accordance with fi rst-order reaction kinetics.
The absorption spectrum of chlorophyllins recorded in the UV-VIS region shows different absorption bands characteristic for porphyrin and porphyrin derivatives: intense absorption in the Soret band (B) appeared in the wavelength range 360-490 nm, the band labeled Q-band in the range 500-700 nm, and band N in the 240-320 nm region [29, 36] . The spectra of E 141(ii) dye in visible parts have maximum absorbance at 405 and 626 nm. It is seen from Figs 5(a-b) that the absorbance intensity decreases for both dye solutions (UV-VIS/E141(ii)/H 2 O/TiO 2 and UV-VIS/E141(ii)/H 2 O systems) with increasing times of irradiation exposure. Also, no new absorption peaks appear during the reaction, which suggests that during photocatalytic and direct photolysis processes probably a small amount of dye was photodegradated, and also that intermediate products formed during photodegradation were successfully degradated. Mainly, the decay of the groups responsible for the color of chlorophyllin occur During the research on photocatalytic decolourization of E141(ii), pH of the irradiated solution was measured at time intervals corresponding to collecting samples for spectrophotometric measurement. The observed results of pH changes during illumination of the solutions in the presence of TiO 2 are shown in Fig. 6 .
As seen in Fig. 6 , photodegradation of copper complexes of chlorophyllins in the presence of TiO 2 lead to the formation of acidic products. Similarly, acidic derivatives are produced during irradiation of the solutions of E141(ii) with no titania additives. The formation of acidic-type products is not surprising if one takes into account the fact that highly active hydroxyl radicals are the oxidative media. Moreover, the structure of chlorophyllins make it very susceptible for •OH attacks. The problems of hydroxyl radical formation in the presence of illuminated semiconductors is that their reactions with organic molecules, the infl uence of substrate properties, and pH infl uence on the photoreaction rate, etc., have been subjected to many studies in the past 40 years [5, 37] . It should be mentioned here that knowledge of the factors determining high effi ciency of photocatalytic degradation of organic compounds is important for designing and operating technological processes of water and wastewater purifi cation using photocatalysis.
The subject of this investigation, E141(ii) dye, is a porphyrin-type complex in which Cu 2+ is surrounded by four nitrogen atoms. Stability of the complex depends on pH of the solution. Moreover, disintegration of the complex causes the release of copper(II) ions, which in turn shows a certain photoactivity. Therefore, the goal of our research also included studies on pHdependence of E141(ii) dye photocatalytic destruction. The photocatalytic experiments were performed using three different dye concentrations: 0.0055, 0.0153, and 0.0257 g⋅dm -3 , and at fi ve pHs of the starting solutions: 2, 4, 6, 8, and 10. Before the photocatalytic experiments, UV-VIS absorption spectra of E141(ii) solutions were taken on using the above-mentioned pH values of the solutions. As examples, the spectra are shown in Fig. 6 for E141(ii) concentration 0.0257 g⋅dm -3 . It is easily seen from Fig. 7 that at high pH levels of 8, 10, and 10.9, the spectra are nearly identical. However, starting at pH 6 the maximum of the spectra drastically diminishes. The reasons for this phenomenon can be related to the loss of an atom of copper from the center of the porphyrin ring of chlorophyllins due to the impact of added hydrochloric acid [38] . Analysis of the absorption spectrum proves that, except for the above-described phenomenon, lowering pH with hydrochloric acid does not cause other changes in the structure of the examined dye. ), depending on the initial pH of the reaction medium.
As presented in this fi gure, the process of photocatalytic decolourization of the dye is independent of environmental pH, but the loss of the substrate is dependent on the initial pH of the environment. The increase of pH during reaction causes inhibition of a photodegradation of E141(ii). Photodecolourization reaches minimum value at a pH of 8. However, special attention deserves the fact that the decrease of the initial pH of the medium increases the effi ciency of photocatalytic decolourization, which reached 100% at pH of 2, regardless of the initial solution concentration. Discussing the results obtained in the present study cannot ignore the possible role of copper ions, which are an integral component of chlorophyllins. Cai, Kubota, and Fujishima reported [39] that the presence of Cu(II) in a solution leads to the formation of H 2 O 2 , although the mechanism of this phenomenon is not well explored. The authors suggest that this process takes place as follows:
It does not exclude the occurrence of the reduction process of Cu(II) ions on the surface of the irradiated TiO 2 involving photochemically generated electrons. The generated H 2 O 2 can be formed into highly reactive hydroxyl radicals under UV irradiation, radical O 2
•-, e -from the conduction band of TiO 2 , also during the Fenton reaction [39] [40] :
It can be assumed that some Cu(II) ions "released" from chlorophyllins during its photodegradation are photodeposited onto the surface of TiO 2 . In this case Cu(II) ions became a "trap" for photogenarated electrons, simultaneously reduced to Cu(0) or Cu(I). This process results in the rapid oxidation of photodegradated substrates [40, [42] [43] [44] . The efficiency of photocatalytic degradation of organic compounds in the presence of Cu(II) depends on many factors: the amount and form of the occurrence of copper ions in solution (oxides, complex compounds), and the method of the photocatalyst input or pH of the solution [39-40, 43, 45] .
Conclusions
As a result of studies on the use of photocatalytic and photolytic processes of the commercial form of the dye E141(ii) carried out in model systems, it has been confirmed that copper complexes of chlorophyllins present in the dye are photodecolourizated in an aqueous medium due to the photocatalysis reaction using titanium dioxide as a catalyst as well as direct photolysis processes (without TiO 2 ). The presence of titanium dioxide in the photodecolourization process leads to an approximately three-fold increase of process efficiency. The efficiency of decolourization in the concentration range 5.20•10 -3 -2.60•10 -2 g•dm -3 is directly proportional to the initial concentration of the solution. Kinetic study of the photocatalytic decolourization of the dye over a range of concentrations confirms that this process occurs according to the Langmuir-Hinshelwood model. The decrease of pH during the process of photodecolourization of E141(ii) proves that acidic derivatives are formed. The pH of the reaction significantly affects the efficiency of photocatalytic decolourization of copper complexes of chlorophyllins, with the pH increase ranging from 2 to 8, causing the inhibition of decolourization of the dye.
